Abstract: In the current work, an ant colony optimisation (ACO) optimisation technique for load frequency control was proposed for tuning the performance of the proportional-integral-derivative (PID) controller gain values. This led to oscillations suppression in the power system response. A system consisted of three equal thermal generating units equipped with (PID) controller was investigated. The PID controller gain values are obtained by using three different cost functions such as the integral square error (ISE), integral time absolute error (ITAE) and integral absolute error (IAE). Time domain specifications of the settling time and overshoot were considered in the system response analysis.
Introduction
Power quality is required for consistency in frequency, voltage and high reliability. This quality is achieved by balancing load demand with power generation. Although, due to the continuous variation of the operating point in large industrial plants, balancing total load demand with power generation is practically very complex. Any unexpected load disturbance produces fluctuations in the tie-line power exchange and system frequency. The frequency deviations control in each area and the power exchange between the areas within the specified limit identifies the load frequency control (LFC) (Elgerd, 1970) .
Various researchers employed a number of control strategies for the LFC of power system to maintain the system frequency and tie-line power exchange deviations. These literatures were performed within the specified value during normal loading conditions as well as a small load disturbance. The LFC problem in power systems is rectified by implementing proper control techniques in the power system. A variety of control and optimisation techniques are conducted with classical controllers (Nanda and Mishra, 2010) , fuzzy logic controller (Anand and Jeyakumar, 2009) , particle swarm optimisation (PSO) (Ebrahim et al., 2009; Chakraborty et al., 2013) , bacterial foraging (BF) (Ali and Abd-Elazim, 2011; Paramasivam and Chidambaram, 2010) , cuckoo search Kumar and Ganapathy, 2013) , artificial bee colony (ABC) (Paramasivam and Chidambaram, 2015) , ant colony optimisation (ACO) (Omar et al., 2013; Hsiao et al., 2004) , genetic algorithm (GA) (Chidambaram and Paramasivam, 2009) , artificial neural network (ANN) (Shayeghi and Shayanfor, 2006; Samanta et al., 2014) , imperialist competitive algorithm (ICA) (Taher et al., 2014) and firefly algorithm (FA) (Naidu et al., 2013; Day et al., 2014) . Saikia et al. (2010) proposed a BF technique for tuning classical controller's gain values. These controllers are the integral (I), proportional-integral (PI), PID, integral double derivative (IDD) and fuzzy integral double derivative (FIDD) in three area hydrothermal power (thermal-thermal-hydro) systems. In Taher et al. (2014) , the authors proposed ICA for tuning fractional order proportional integral derivative controller (FOPID) parameters in three-area hydrothermal non-reheat-, reheat-, hydro-power systems with different loading conditions in each area. Roy et al. (2010) presented evolutionary computational techniques including BF and PSO for tuning the PID controller parameters in three equal reheat thermal power systems.
Recently, several nature inspired computational techniques has been developed and implemented in LFC/AGC (automatic generation control) of multi-area interconnected power systems. Francis and Chidambaram (2015) designed a proportional integral plus controller (PI+) by using beta wavelet neural network (BWNN) approach. The authors solved the LFC issue in interconnected two area power system with redox fow battery (RFB) and hydrogen aqua analyser (HAE) energy storage unit. Fuzzy-PID controller has been developed based on teaching learning-based optimisation (TLBO) technique by Sahu et al. (2015) for AGC of two area unequal interconnected non-reheat thermal power system. The results of this approach was compared to Lozi map-based chaotic optimisation algorithm (LCOA), GA, pattern search (PS) and simulated annealing-based PI controller for showing the supremacy of the technique. Nanda et al. (2015) proposed minority charge carrier-based PI controller for AGC of interconnected hydro thermal power system. Shivaie et al. (2015) proposed new modified harmony search algorithm-based PID controller for solving LFC issue in two area interconnected nonlinear hydro thermal power system. The ITAE objective function was considered for optimisation of the gain values. Sathya and Ansari (2015) analysed the LFC issue of two area interconnected thermal power system by implementing dual mode gain scheduling PI controller. The PI controller gain values were optimised by using bat inspired algorithm with integral square error objective function. Dash et al. (2015) proposed cuckoo search algorithm-based 2DOF (two degree of freedom) controllers for AGC of multi-area interconnected power system.
From the preceding literatures the current work study, the LFC effect in three-area interconnected ACO-based AI technique equipped PID controller with reheat thermal power system is proposed. Thus, the main contribution is as follows:
• study the LFC effect in multi-area interconnected equal thermal power system with and without considering the effect of generation rate constraint (GRC) nonlinearity with PID controller equipped investigated power system • optimise the controller gain values, namely the proportional gain (K p ), integral gain (K i ) and derivative gain (K d ) using artificial intelligence-based approach-based ACO technique • test the robustness of the proposed optimisation technique by adding GRC nonlinearity and 1% SLP in area 1, 2% SLP in area 1 with and without considering the effect of nonlinearity.
The structure of the remaining section is organised as follows. The transfer function model of three-area thermal power systems with single reheat turbine and GRC nonlinearity is presented in Section 2. The design methodology for tuning PID controller gain values with different cost functions are offered in Section 3. Effectiveness and robustness of proposed AI technique with different loading conditions and cost functions are analysed in Section 4 and finally Section 5 includes the conclusion.
Power system under study
In the current work, the power system comprises of three-area equal reheat thermal power system. The three areas are interconnected through tie-line as a ring type manner. The transfer function model of three area reheat thermal power generating unit with PID controller is shown in Figure 1 . The investigated generating units are equipped with single reheat turbine and appropriate GRC nonlinearity. The optimal parameters of thermal power generating units are taken from Anand and Jeyakumar (2009) and Jagatheesan and Anand (2012) . The proposed three equal area LFC systems of area 1 of 2,000 MW, area 2 of 2,000 MW and area 3 of 2,000 MW are investigated. 
Single reheat turbine
The single stage reheat turbine comprises high pressure (HP), low pressure (LP) and intermediate pressure (IP) pressure stages. The HP steam passed through the turbine as input, while the output steam passed through the IP stage before reaching the LP stage (Kundur, 1994; Nagrath and Kothari, 1994; Gopal, 2003) . 
Where, G T (s) is the transfer function of single reheat turbine; T t is the turbine time constant; s is the Laplace transform variable; T r is the reheater time constant and α is constant.
Generation rate constraint
In the realistic circumstances, there is a maximum limit to the rate of change in generation power system (Anand and Jeyakumar, 2009; Kumar and Ganapathy, 2013; Omar et al., 2013; Paramasivam and Chidambaram, 2015) . The system performance with an incidence of the GRC nonlinearity takes longer time to settle and yield large overshoots compared to the system without considering GRC. The LFC limitation of 0.1 p.u per min. is considered in the current study, where
3 Design methodology for tuning of PID controller
Proportional-integral-derivative controller
The most commonly used industrial proportional-integral-derivative (PID) controller is considered for solving the LFC problem of the power system. The PID controllers used to improve the dynamic performance of the system as well as to reduce or eliminate the steady state error (Omar et al., 2013; Hsiao et al., 2004) . The PID controller transfer function is given by:
where K p is the proportional gain, K i is the integral gain and K d is the derivative gain, which are the PID controller gain values.
The control input signal generated by the PID controller is expressed as follows:
Where, u 1 , u 2 and u 3 control input signal of area 1, 2 and 3; K p1 , K p2 , and K p3 are the proportional gain values of area 1, 2 and 3; respectively; K i1 , K i2 and K i3 are the integral gain values of area 1, 2 and 3; respectively; K d1 , K d2 and K d3 are the derivative gain values of area 1, 2 and 3; respectively; ACE 1 , ACE 2 , ACE 3 are the area control error of area 1, 2 and 3; respectively; T i1 , T i2 , T i3 are the integral time constant of area 1, 2 and 3; and T d1 , T d2 , T d3 are the derivative time constant of area 1, 2 and 3. Since, proper selection of the PID controller gain values is more crucial. Thus, this work optimised the gain values by using ACO described in Section 3.3, where the cost function selection is based on the desired specification. The controller gain value limits are: 
Cost function
The power system performance can be adequately specified in terms of settling time, peak overshoot and steady state error (Roy et al., 2010) . The performance index is chosen as:
where J is the performance index and K i denoted the weighing factor (i = 1, 2, 3). The commonly used performance indices are the integral absolute error (IAE), integral square error (ISE) and integral time absolute error (ITAE) (Jagatheesan and Anand, 2012) . The cost functions are depicted below:
All these three measures entail a fixed experiment to be implemented on the system (i.e., a fixed disturbance change or setpoint), and then the integrals are evaluated over a fixed time period. The IAE integrates the absolute error over time without adding weight in the system response to any of the errors. However, the ITAE integrates the absolute error multiplied by the time over time. The ISE integrates the square of the error over time, thus it often leads to fast responses, but with substantial low amplitude and oscillation. Consequently, a comparative analysis is obtained by implementing these cost functions into the investigated power generating units and the results are shown in section 4.
Ant colony optimisation
Trial and error tuning methods take long time to design and optimise the proper controller. At the same time, the accuracy is very low due to human errors. In order to overcome these drawbacks, several optimisation techniques are developed and implemented to solve LFC crisis in the interconnected power system. Therefore, the goal of this paper is to introduce AI-based optimisation techniques for solving LFC crisis. The foraging behaviour of real ants was the main source for the ACO algorithm development. In ACO algorithm, solutions for the optimisation problem depend on the number of real artificial ants. The ants' information is an exchange based on these solutions through a common scheme, where the reminiscent of an ant adopted by real ants (Omar et al., 2013; Hsiao et al., 2004) . The natural foraging behaviour of real ants is inspired by many researchers. It is used to solve many discrete optimisation problems. When ants are searching their food, initially all the ants are explored random manner around their nest. The explored ants find a food source as soon as possible. After reaching the food source, the ants evaluate the quality and quantity of the food source. They carry some food to their nest during the return trip and deposit some pheromone chemical trial on the ground. The pheromone trial is based on the food source quality, which is used to guide other ants to find the food source. The indirect communication between the ants using chemical trials enables finding the shortest path between food and the ants' nest. These characteristics of real ants are used to find the solution for many optimisation problems. The transition probability from town i and j for the k th ant is as follows:
The value pheromone versus heuristic information is given by:
The global updating rule is implemented in the ant system, where all ants start their tours. Pheromone is deposited and updated on all edges based on: ( , ) ( 1) (1 ) ( )
where ρ ij is the probability between the town i and j, τ ij is the pheromone associated with the edge joining cities i and j, d ij is the distance between cities i and j, Q is a constant, L k is the length of the tour performed by K th ant, while α and β are constants that find the relative time between pheromone and heuristic values on the decision of the ant and ρ is the evaporation rate. The ACO algorithm is used to solve combinatorial optimisation problems. It has desirable characteristics, such as versatility, robustness and population-based approach (Hsiao et al., 2004; Omar et al., 2013) . Since, the proper PID controllers' design for power system is required to solve the LFC problem by optimising the three gain parameters: K p , K i and K d . Thus, in the proposed work, the PID controller gain values are optimised by using the ACO, which applied into the controller of the power system. The Flowchart for this optimisation process is shown in Figure 3 . Typically, the ACO algorithm depends on the foraging action of real ant species during the food searching process. The ants deposit the pheromone chemical trial on the ground to mark the satisfactory shortest path, which calculated as illustrated in Figure 3 . This path is supportive for the other ants from the same colony to identify their path. The ACO technique has three main phases to solve the optimisation problem, namely Initialisation, constructing ant solutions, and updating pheromone concentration. In the proposed system, the controller gain values: K p , K i and K d are optimised concurrently within the specified constraint. In Figure 3 , initial values of the number of ants, pheromone and the probability are used. Then, the ants will start their tour and the process of calculating the path length. Based on the shortest path, the optimal gain values for the PID controller are tuned using the ACO technique for investigated thermal power system as provided in Table 1 . Table 1 ACO optimised PID controller gain values
1% SLP without GRC nonlinearity IAE 10 9.6 9.8 8. 
Simulation result and discussion
The effectiveness and robustness of the AI-based optimisation technique are investigated by using IAE, ISE and ITAE cost functions. The comparative performances of the power system parameters are obtained. The responses are depicted in Figures 4-39 .
Investigation of robustness of ACO technique with different cost functions and 1% load in area 1
The dynamic performance of the power system with PID controller is obtained using ISE, IAE and ITAE cost functions with one percentage step load perturbation (SLP) in area 1 is shown in Figure 4 -12. For comparative study, the PID controller gain values are optimised using the mentioned cost functions. 
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Figures 4-12 depict that the settling time of system response is reduced by using the ITAE cost function-based PID controller compared to the IAE and ISE cost function-based controller. The ISE cost function-based controller took more time to settle with more damping oscillations and higher overshoots compared to other cost functions.
From the above response, it is established that the IAE cost function performance-based controller provides minimum overshoots with lesser damping oscillations compared to the ITAE. Meanwhile, the performance represented by the settling time and overshoot of the above said loading conditions and different cost functions are given in Table 2 . Table 2 demonstrates that in the case of the system with 1% SLP in area 1, the ITAE achieves the least settling time and overshoot oscillation compared to both the ISE and the IAE.
Investigation of robustness for different cost functions with 1% load in area 1 and GRC nonlinearity effect
The sensitivity analysis of proposed algorithm is obtained by increasing 1% step load perturbation into 2% in thermal area 1. Figures 13-21 illustrate the response of the frequency deviation, tie-line power exchange and the area control error for the investigated system with 2% SLP. The system response in Figures 13-21 establish that the ITAE cost function-based controller provides fast settled response compared to the ISE and IAE functions. Although, the response of IAE-based controller provides less settling time compared to ISE and slightly higher to ITAE with minimum overshoots. 
Investigation of robustness for different cost functions with 2% load in area 1
Figures 22-30 demonstrate the dynamic response comparisons of the delF1, delF2, delF3, delPtie1-2, delPtie2-3, delPtie3-1, ACE1, ACE2 and ACE3 for 2% SLP in area 1 with different cost functions. 
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Figures 22-30 depict that the ITAE cost function-based controller achieved fast settled response with lesser damping oscillations compared to the IAE and ISE. The IAE-based controller proposed fast settled response compared to the ISE. The ISE-based controller takes more time to settle and yield more overshoots compared to IAE and ITAE cost functions. The settling time and percentage overshoot for frequency deviation in areas 1, 2 and 3; tie-line power exchange between areas 1-2, areas 2-3 and area 3-1 as well as the area control error in area 1, area 2 and area 3 for different cost functions with GRC nonlinearity are given in Table 3 . 
Investigation of robustness for different cost functions with 2% load in area 1 and GRC nonlinearity
The frequency deviations, Tie line power exchange between areas and the ACE of areas 1, 2 and 3 after the occasion of sudden 2% SLP in area 1 with the GRC nonlinearity are shown in Figures 31-39 . Figure 40 establishes that the power system's dynamic performance depends significantly on the proper selection of a cost function for tuning of controller gain. It is evident that the settling time of system response is improved using the ITAE cost tuned controller and peak overshoot of system response is reduced by the IAE cost tuned controller. The same results are depicted in Tables 2 and 3 . Consequently, the proposed optimisation technique-based ACO algorithm achieved tuning performance for the PID controller gain values, which depends on the cost functions. Therefore, as a future scope, the proposed system response can be compared to other systems using different optimisation algorithms.
Conclusions
The current work proposed the ACO-PID controller designed using IAE, ISE and ITAE cost functions for three areas reheat thermal power systems. The ISE cost tuned PID controller performance of investigated power system results in more damping oscillations and had more time to settle. Meanwhile, the ITAE cost tuned controller effectively reduced the settling time more than the IAE cost-based controller. The peak overshoot in system response is successfully reduced by IAE cost compared to ITAE cost function. The effectiveness and robustness of proposed technique are successfully implemented in power system with different loading condition and GRC nonlinearity for solving LFC problem in multi-area power system.
